The extensive intrinsically disordered regions of higher eukaryotic proteomes contain vast numbers of functional interaction modules known as short linear motifs (SLiMs). Here, we present SLiMSearch, a motif discovery tool that scans a motif consensus, representing the specificity determinants of a motifbinding domain, against a proteome to discover putative novel motif instances. SLiMSearch applies several distinct and complementary approaches exploiting the common properties of SLiMs to predict novel motifs. Consensus matches are annotated with overlapping sequence annotation, including feature information describing protein modular architecture, post-translational modification, structure, sequence variation and experimental characterisation of functional regions. Discriminatory motif attributes such as conservation and accessibility are also calculated. In addition, SLiMSearch provides functional enrichment and evolutionary analysis tools. The enrichment tool analyses GO terms, keywords and interacting partner enrichment to indicate possible motif function. The evolutionary tool evaluates motif taxonomic range and the conservation of motif sequence context. Consensus matches can be filtered based on motif attributes such as accessibility and taxonomic range; or by the localisation, interacting partners or ontology annotation of the peptide-containing protein. SLiMSearch supports a range of species of experimental and therapeutic relevance and is available online at http://slim.ucd.ie/ slimsearch/.
INTRODUCTION
The higher eukaryotic proteomes contain extensive intrinsically disordered regions and these regions mediate many of the interactions of a protein (1) (2) (3) (4) . Furthermore, they integrate information encoded in their environment to make regulatory decisions in reaction to cell state changes (5, 6) . Various estimates have suggested that there may be upwards of one hundred thousand interaction interfaces in the intrinsically disordered regions of the human proteome (3) . Yet, only a small portion of the functional elements predicted to reside within these regions have been characterized (3, 7) . The majority of experimentally characterized modules in disordered regions belong to a class of compact, degenerate and ex nihilo evolvable interaction interfaces known as short, linear motifs (SLiMs) (8) (9) (10) . SLiMs perform many of the regulatory functions associated with intrinsically disordered regions. They are particularly important for the formation of transient protein complexes, modulating protein modification state, controlling protein stability and directing protein subcellular trafficking (4) .
The vast majority of protein motifs remain undiscovered due to experimental and computationally difficulties in characterizing novel motifs (7) . Most SLiMs are encoded in a linear region of less than ten amino acids with only three or four core residues determining the majority of the binding affinity and specificity. These core residues extensively contact the motif-binding pocket, and therefore need to be physicochemically compatible with the binding-pocket. This constrains the peptide to a limited set of residues at these positions, resulting in a common motif or consensus in the binding partners of the motif-binding pocket. Consensus searches can be used to discover novel functional SLiMs but their length and the limited number of defined residues makes SLiMs difficult to identify; peptides matching the consensus are very likely to occur by chance, thus, the results are dominated by stochastically occurring non-functional consensus matches (9) . The key steps in motif discovery are removing matches that are unlikely to be functional, and annotating the remaining matches with discriminatory data that can be used to prioritize these matches for further experimental validation. In recent work, we leveraged in silico sequence analysis to discover and annotate peptides matching the known specificity determinants of two motif-binding proteins, the APC/C substrate recruitment subunit Cdc20 and the protein phosphatase PP2A B56 holoenzyme (11) (12) (13) . Discriminatory attributes indicative of motif functionality were used to guide the experimental characterization of several novel motifs, thereby, advocating the use of sequence analysis tools to augment experimental motif discovery.
Several web-based tools are currently available for the discovery of novel instances of SLiM classes with characterized specificity determinants (14, 15) (See Supplementary  Table S1 for a detailed list). SLiM instance discovery webservers can be split into methods that scan a single protein with a set of predefined functionally characterized motif consensuses such as ELM (16) , QuasiMotiFinder (17) and MiniMotifMiner (18) ; and those that scan a large set of proteins with a single motif consensus such as SLiMSearch (19) , ScanProsite (20) , SIRW (21), iELM (22) and DoReMi (23) . These tools utilize a range of discriminatory attributes to prioritize consensus matches including sequence context, match conservation, structural context, ontology and interaction data to optimize motif discovery through filtering and ranking. Here, we introduce a major update to SLiMSearch (19), a web-based tool for the discovery of novel SLiM instances in a proteome. For this release, SLiMSearch has been completely rewritten from top to bottom. A new data management framework allowing automated dataset construction built on a relational database has replaced the previous flat file data storage framework. Novel conservation, functional analysis and filtering functionality have been added allowing complex querying and filtering options. In addition, the current version has been expanded from a single human dataset to 70 species of experimental and therapeutic relevance. SLiMSearch 4.0 is a single web-based framework that consolidates a decade of research into the discriminatory attributes pertinent to motif discovery. The resulting tool produces an intuitive, informative and interactive output that can be used to identify putative functional modules in the disordered regions of a proteome.
MATERIALS AND METHODS
The SLiMSearch framework is a suite of sequence and data analysis tools for motif consensus search, annotation and filtering. The framework takes as input a motif consensus describing the specificity determinants of a motifbinding pocket in regular expression syntax (see Supplementary Material), and a species of interest. This motif consensus can be derived from experimental data such as peptide mutagenesis, peptide arrays, phage display, motif evolutionary analyses or motif structural characterization (7, 24) (see Supplementary Tables S2 and S3 ). The consensus is scanned against the proteome of the chosen species and a sortable list of annotated consensus matches is returned. These consensus matches can be analysed for evolutionary attributes or functional enrichment. Finally, matches can be filtered based on a wide range of discriminatory attributes. The framework was designed to facilitate easy expansion and updating of the underlying data. This allows novel protein sets, source of discriminatory data and sequence attributes to be effortlessly added to the resource. The current implementation covers 69 species including most major model organisms and relevant pathogens; and has a single protein set covering viral proteins (see Supplementary Table S4 ). An extensive help page including the required input and a detailed description of the output is available on the website. Jobs are stored on the server for 14 days after which they are deleted.
Feature and attribute annotation
The framework accesses a large pre-computed database of protein-centric information to annotate consensus matches with attributes that are strong discriminators for or against motif functionality (see Supplementary Table S5) . Furthermore, consensus matches are annotated with information to understand the pre-and post-translational mechanisms controlling their function (5, 6, 25) . For example, SLiMSearch annotates the motif instances overlapping features describing the protein modular architecture such as short linear motifs and domains (8, 26) , sites of post-translational modifications (27, 28) and protein topology information (29) ; experimentally characterized regions such as solved structures (30) , secondary structure assignment (31), mutagenesis, regions of interest and binding sites (32) ; and sequence variation such as alternative transcription, alternative splicing and SNPs (33, 34) . Peptide attributes are also quantified: scored as peptide disorder propensity (35) , solvent accessibility (31) (if an overlapping structure is available), and conservation (36) (see Supplementary Material for details). Furthermore, proteins and regions of proteins that are inaccessible to intracellular proteins (e.g. secreted proteins, extracellular protein regions or transmembrane regions) are also annotated. All features and attribute annotation can be used to sort the consensus matches. Each annotation is linked to the source data to obtain more details about a feature or attribute of interest. Finally, the consensus matches are linked, by clicking on the peptide or conservation score, to the ProViz protein visualization tool (http://proviz.ucd.ie) allowing the overlapping feature and attribute annotations to be visualized (37).
Evolutionary annotation
There are two major evolutionary discriminators for motif functionality ( Figure 1A ): conservation over large evolutionary distances ( Figure 1B ) and high levels of conservation relative to the flanking regions ( Figure 1C and D) (36, (38) (39) (40) . SLiMSearch provides conservation metrics to describe these discriminatory attributes. The taxonomic range section provides information about the conservation of the consensus across a set of species. For each species, a consensus match is annotated regarding its presence or absence at the same position in an ortholog alignment (Figure 1A) . Conservation of a motif consensus over a large taxonomic range is a pointer towards a region that is constrained and therefore functional. Hence, experimentally characterized functional motifs are conserved over larger taxonomic ranges than uncharacterized consensus matches (where the majority of instances are non-functional) (Figure 1B) . The flank conservation annotates the conservation of the consensus match relative to the conservation of the directly flanking regions and the relative conservation scores quantifies the likelihood of this relative conservation statistically. Similar to taxonomic range, relative conservation is a strong discriminator of functional motifs. The defined residues of functional motifs that make a direct contact with the binding partner are generally more conserved than solvent facing positions and flanking residues ( Figure 1C and D) . Consequently, in rapidly evolving intrinsically disordered regions, functional motifs are often observed as islands of conservation in a sea of mutations, insertions and deletions. Relative conservation quantifies this property. The flank conservation section also graphically represents the conservation of the sequence context of the consensus match where the level of conservation for each residue within and flanking the match correlates with the colour intensity. All conservation metrics are built on pre-computed ortholog alignments allowing complex evolutionary information to be rapidly computed and accessed (see Supplementary Materials). The alignment of the region used for the conservation calculation can be directly visualized using the ProViz protein visualization tool by clicking on the peptide (37) .
Functional enrichment analysis
A set of motif instances recognized by a given motif-binding partner will by definition share a common interactor, however, they often also share a common function, pathway or localisation (8) . SLiMSearch analyses the enrichment of GO terms, keywords and interactors for the set of motifcontaining proteins to link a function, localisation or binding partner with a motif consensus. Analysis of the ontologies can allow functions to be established for newly discovered motif classes or allow novel aspects of the biology of a previously characterized motif to be uncovered. Functional analysis of motif consensus search data has two biases that render the result of classical hypergeometric-based enrichment analyses unreliable. Firstly, the probability of seeing a consensus match in a protein is correlated to the length of the amino acid sequence. Therefore, functional annotations that are associated with longer proteins are more likely to be significantly enriched. This can be clearly seen when the median enrichment score (See Supplementary Material) of a GO term is plotted against the average number of disordered amino acids per protein annotated with that GO term for random motif consensus test sets (randomized motif consensuses would not be expected to have enriched functional annotation) (Figure 2A ). This bias results in strong over-estimates of the significance of certain GO terms and, as a result, even random motif consensuses will regularly have numerous significantly enriched GO terms ( Figure  2B ). Secondly, related proteins, due to their sequence similarity, are more likely to share a randomly occurring consensus match. However, related proteins are also more likely Plot of the average p-value for a GO term against the percentage of GO terms with that p-value or less for the random benchmarking set. In this dataset, which should have no functional motif consensuses and therefore no enriched GO-terms, the data points should fall along the diagonal. The classical hypergeometric test clearly diverges from the diagonal and is under the line, as such it strongly over predicts the significance of each GO term. P-values are calculated using classical hypergeometric test with Benjamini-Hochberg correction (classical hypergeometric); hypergeometric test with Benjamini-Hochberg correction with motif search space correction (corrected hypergeometric); and Mann-Whitney U rank test for enrichment analysis based on conservation (QFO) (conservation rank test). (C) The distribution of corrected hypergeometric and conservation rank test P-values of GO terms for consensus searches of ELM class regular expressions (split into extended GO terms annotated in the ELM resource as functionally related to an ELM class, and extended GO terms not annotated for the ELM class), reversed ELM classes regular expressions and shuffled ELM classes regular expressions. Enrichment analysis performed with motif search space correction (corrected hypergeometric) and based on QFO conservation (conservation rank test). Both analyses used UniRef50 clustering of related proteins. The stars denote the mean value and red plus values denote outliers.
to have overlapping functional annotations. Consequently, functional annotations associated with large protein families are also often significantly enriched. SLiMSearch includes two functional enrichment tools designed to remove these biases from functional analyses of consensus search results (see Supplementary Materials). The first is a corrected hypergeometric test that accounts for motif search space and evolutionary relationships between proteins, and applies Benjamini-Hochberg correction for multiple testing. The second is a Mann-Whitney rank test analysis using relative conservation scores as the ranking criteria. As functional matches of a motif consensus are generally more conserved than stochastically occurring non-functional instances ( Figure 1C and D) , biologically relevant functional annotations related to the motif consensus will be enriched for highly conserved motif instances, the non-random nature of this distribution can be captured by the rank test (see Supplementary Figure S3 ). These novel functional enrichment tools are a clear improvement on the commonly used hypergeometric statistic for functional enrichment analysis and conform closely to the expected distribution for random motif consensus test sets ( Figure 2B ). Furthermore, when analyzing consensus matches of an experimentally characterized motif family the functional enrichment tools can correctly return functional annotation associated with the motif family ( Figure 2C ).
Filtering
Accessibility is a key discriminatory attribute for motif functionality (9, 41, 42) . Consequently, by default the protein search space is restricted to the intrinsically disordered regions of the proteome (as defined by IUPred with a cut-off of 0.4) though this can be modified on the input page. Further accessibility filtering options include surface accessibility (when a structure is available) and, overlap with Pfam domains, topology and localization. Consensus matches falling within these regions are not filtered automatically as the filters are quite coarse and can remove many functional motif instances. For example, surface accessibility filtering can remove motifs solved while bound to the motifbinding pocket; many Pfam domains contain motifs in accessible loops or are family descriptors for conserved disordered regions; and topology and localisation requirements vary depending on the motif class searched. Consequently, by default, consensus matches that are found within these regions are retained, however, they are flagged in the output and can be removed using the quick filtering options in the top right corner of the instances table. SLiMSearch also allows consensus matches to be filtered based on general motif attributes such as motif taxonomic range; based on specific information about the motif-binding partner such as interactors, function or co-localisation; or simply using a list of GO term or protein accessions. The filtering options allow the user to create a biologically relevant sub- 
DISCUSSION
SLiMSearch is an interactive and information-rich yet intuitive motif discovery tool, accessible through a simple motif search interface. The framework searches characterized motif specificity determinants to identify putative novel motif instances. Instances are annotated with accessibility information, evolutionary attributes and experimental information to simplify the process of selecting instances for further validation. As such, SLiMSearch is a powerful tool to aid biologists in building hypotheses and designing experiments by simplifying the analysis of the functional and evolutionary features of motifs (7).
AVAILABILITY
SLiMSearch is available at http://slim.ucd.ie/slimsearch/.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
